The phenotypic markers, coat color, pattern and hair length, of natural domestic cat populations observed in four cities (Barcelona, Catalonia; Palma Majorca, Balearic Islands; Rimini, Italy and Buenos Aires, Argentina) were studied at a microgeographical level. Various population genetics techniques revealed that the degree of genetic differentiation between populations of Felis catus within these cities is relatively low, when compared with that found between populations of other mammals. Two different levels of sampling were used. One was that of "natural" colonies of cat families living together in specific points within the cities, and the other referred to "artificial" subpopulations, or groups of colonies, inhabiting the same district within a city. For the two sampling levels, some of the results were identical: 1) little genic heterogeneity, 2) existence of panmixia, 3) similar levels of expected heterozygosity in all populations analyzed, 4) no spatial autocorrelation, with certain differentiation in the Buenos Aires population compared to the others, and 5) very high correlations between colonies and subpopulations with the first factors from a Q factor analysis. Nevertheless, other population genetic statistics were greatly affected by the differential choice of sampling level. This was the case for: 1) the amount of heterogeneity of the F ST and G ST statistics between the cities, which was greater at the subpopulation level than at colony level, 2) the existence of correlations between genic differentiation statistics and size variables at subpopulation level, but not at the colony level, and 3) the relationships between the genetic variables and the principal factors of the R factorial analysis. This suggests that care should be taken in the choice of the sampling unit, for inferences on population genetics to be valid at the microgeographical level.
INTRODUCTION
Population genetics studies of domestic cat (Felis catus) populations based on the observation of the allele frequencies of certain morphological characteristics such as the coat color and tabby character, hair length and some skeletal abnormalities began with Searle (1949) , and since then, more than 400 cat populations have been analyzed worldwide from this point of view. Studies attempting to explain the possible genetic structure of cat populations at a microgeographical sampling level within a city are however much more recent (Ruiz-Garcia, 1988 , 1989 , 1991 1993; 1994 , 1997 , 1998a Ruiz-Garcia and Klein, 1997) . The main aims of this study conducted exclusively with feral cats were: 1) to analyze the possible causes underlying the present spatial distribution and gene frequency variance between cities which have different historical, demographic and ecological characteristics, which might have affected the genetic structure and evolution of their cat populations, or whether the genetic structure of the populations of this species is primarily defined by their highly promiscuous reproductive behavior, independently of the different environmental characteristics between different cities (Liberg and Sandell, 1988; Natoli and De Vito, 1988) . The cities chosen for the microgeographical genetic analysis were: Barcelona and Palma Majorca (Iberian Peninsula and Balearic Islands, Spain, Europe), Rimini (Italy, Europe), and Buenos Aires (Argentina, South America). The three European populations represent the original range of distribution of domestic cats over the last 2000 years, whereas the cat population of Buenos Aires is much more recent (no more than 400 years) and is thought of as being originated from the European populations included in this analysis. 2) The second aim was to determine whether the results obtained from the analysis of cat colonies, being the colony the minimum unit of observation for population genetics sake, as the author considers, differed to any extent from observations obtained from the analysis of a higher level of population organization, such as were the groups of colonies or subpopulations defined by the researcher. In this way, it was possible to assess whether the choice of a non-representative sampling level could lead to invalid conclusions. The colony sampling level therefore was defined as: cats observed at fixed locations, with many phylopatric feral female lineages inhabiting a small range, clearly separated from other such populations by short geographical distances (500 m to 2 km, approximately). The subpopulation sampling level was defined as: groups of colonies inhabiting neighboring areas in a given district within a city, with neighboring areas sharing characteristics corresponding to the same "urban habitats", and whose time of construction was of the same epoch. For a subpopulation to be regarded as such, there were no important geographical constraints for the natural flow of the animals within the area, for example, important avenues with heavy traffic. This sampling level is probably highly artificial, but it was used as an instrument in order to demonstrate the importance of the choice of the most correct unit, for the sake of population biology. As will be shown here, some of the results differ in relation to the sampling level chosen. It must be born in mind, however, that it is often difficult to determine the real population unit in nature.
3) The third aim was to see whether there is a relationship between the degree of genetic heterogeneity between the microgeographical sampling levels analyzed, and some of the demographic parameters of human and cat populations in these cities.
This study analyzed whether there were significant levels of correlation between various population genetics statistics, and the size of the human populations involved. A justification of selecting human population size as a demographic variable is the existence of a strong correlation between the density of owned cats and humans (Todd, 1977) , so that the larger the human population, the larger the absolute size of the cat population, since there would be a larger number of potential human cat owners (owned cat subcomponent), as well as the higher the possibilities of habitats being generated which could be used by the felids (feral cat subcomponent). With this assumptions in mind, the largest total cat population should be that of Buenos Aires (metropolitan area: 10.796.036 people; directly sampled area covering about 2.900.000 inhab), followed by Barcelona (metropolitan area: 3.975.000; directly sampled area covering about 2.000.000), Palma Majorca (metropolitan area: 400.000; directly sampled area covering about 310.000), and Rimini (about 150.000). The colony and subpopulation mean size of the samples obtained for the populations studied was also used as a demographic variable for the following reason: a demographic and census investigation was carried out in parallel from 1987 to 1992 in those areas sampled for coat allele frequencies, and about 50% of the cats sampled for color coat genes were applied colored collars coded with numbers around their necks. The results on the population size estimates for the colonies and for the "artificial" subpopulations analyzed were directly related to the sample sizes presented in this work, for all colonies and "subpopulations" in the four cities studied (r = 0.87, average correlation coefficient for the four cities). Therefore, the size of the sample size at the colony and subpopulation level was used as a representative variable of the real size of the colonies and subpopulations.
MATERIAL AND METHODS
The data analyzed was compiled between 1987 and 1995, having defined two population sampling levels within the cities. At the colony sampling level the numbers of colonies in this study were: Barcelona, 11 colonies; Palma Majorca, 10 colonies; Rimini, 11 colonies, and Buenos Aires, 7 colonies. At the subpopulation sampling level (occasionally a colony might coincide with a subpopulation): 5 in Barcelona, 6 in Palma Majorca, 6 in Rimini, and 4 in Buenos Aires. In every case an inequivocal recognition of each individual was attained due to the thorough registration of the phenotypic characteristics, as well as a complete photographic record of each animal, which allowed the post-analysis of the observations made during each journey. Demographic census methods used in order to reveal the relation between the population sizes of the sampled areas and the genetic structure were as follows. The first method was developed by Darroch (1958) , and attributes an equal likelihood of marking any individual of the population, irrespective of its sex, age, or particular difference of behavior of the individuals, i.e. aggressivity, etc. (Pollock, 1981) . The expression used was
where M S+1 is the total number of different cats marked in S sampling sessions, n i is the number of cats sampled in each session, and N is the population size estimated in the area analyzed. Two other methods were used, which assumed a closed population in each area investigated (Caughley, 1977) .
The method of Chapman (1951) where M is the number of cats marked in a first sample, n is the number of cats sampled a second time in the same area, and m is the number of cats marked previously and observed during the second session. The method of Bailey (1951) as revised by Seber (1982) The last method employed was the triple capture method (Bailey, 1951 (Bailey, , 1952 Each area was sampled in three occasions, and the procedure of applying collars to individuals was performed in two of them. In the equations, M 1 represents the number of cats marked in the first sampling session, M 2 the number of cats marked in the second sampling session, and n 2 and n 3 the number of individuals recorded in the second and third sampling sessions, respectively. Additionally, m 12 is defined as the number of cats which, having been marked in the first session, were observed in the second session; m 13 is the number of cats marked in the first session, which were observed in the third session, and m 23 is the number of cats marked in the second sampling session and observed in the third sampling session. For a review, see Tellerias (1986) . The different population sizes in each area sampled were very similar for the different methods used. On average, these values were highly correlated with the sample sizes for the study of coat allele frequencies (r = 0.87).
Cat phenotypes were recorded directly after observing the animals, and the genetic nomenclature used is in agreement with the Committee on Standardized Genetic Nomenclature for Cats (1968) . The 7 unlinked genetic characteristics studied here included the sex-linked character O (O, o; orange vs. non-orange), and six autosomal characters: A (A, a; agouti vs. non-agouti), T (T A , t + , t b ; Abyssinian vs. mackerel or stripped vs. blotched tabby), D (D, d; full color vs. dilution), L (L, l; short hair vs. long hair), S (S, s; piebald white spotting vs. non-piebald white spotting), and W (w, W; non-dominant white vs. dominant white). Inheritance of these factors has been previously discussed in detail by Robinson (1977) and Wright and Walters (1982) . The p(O) frequency has been calculated using the maximum likelihood formulae of Robinson and Silson (1969) and Robinson (1972) . Assuming a sex ratio 1:1, p(O) = (2a + b)/2N, where a = number of orange (O/ O and O/-), b = number of tortoiseshell phenotypes (O/o), and N = total sample size. For autosomal loci, recessive frequencies (q) were taken as the square root of observed phenotype frequencies, while dominant frequencies (p) were taken as 1 -q.
The Hardy-Weinberg equilibrium was studied, for the O locus at both the colony and subpopulation sampling levels, using a G-test. Nei's (1973) genic diversity analysis at both sampling population levels was performed using the statistics G ST (genetic differentiation between subpopulations relative to the total population), and G CT (genetic differentiation between colonies relative the total population). The statistic F ST' (one of the F-Wright for genetic heterogeneity corrected for sampling sizes; Wright, 1951 Wright, ,1965 was also obtained. All these statistics were calculated using weighed mean and variances (Workman and Niswander, 1970) . The mean expected heterozygosity (H) (Nei, 1978) was studied in the colonies and subpopulations in order to detect the possible importance of stochastic processes such as genetic drift (e.g., Nygren and Rasmusson, 1980; RuizGarcia, 1994) .
The spatial autocorrelation analysis described in Sokal and Oden (1978a,b) and Ruiz-Garcia and Jordana (1997a,b) was applied to the genetical characteristics studied at a subpopulation level. Only this sampling level was used since the sample sizes were maximum, and the standard deviation of allele frequencies the lowest.
Computation of the autocorrelation coefficients and correlograms
Two statistics were used in order to evaluate spatial autocorrelation: the Moran's I statistic, and Geary's c coefficient (see Sokal and Oden, 1978a) . The connection matrix employed is binary due to the difficulty in postulating reasonable weights in this study (Gabriel and Sokal, 1969; Sokal and Oden, 1978b; Trexler, 1988) . Three distance classes (DC) were defined at the subpopulational level (only 2 DC were defined for the Buenos Aires subpopulation due to the small number of related pairs of localities in these distance classes). The upper geographical limit for the defined DC were: Barcelona: 4,348, 5,290 and 7,352 m; Palma Majorca: 2,708, 4,881 and 12,965 m; Rimini: 1,690, 3,265 and 7,184 m, and Buenos Aires: 4,438 and 10,196 m. All these particular geographical distances were chosen so as to optimize the allocation of locality pairs (an equal number of point pairs) for each distance class. To determine the statistical significance of autocorrelation coefficients, the Bonferroni procedure (Oden, 1984) was used.
A factorial analysis of allele frequencies was performed (R type). The first factor explains the most total variance. The amount of variance explained diminishes with each of the remaining factors (Maxwell, 1977; Harris, 1985) . The eigenvalues of each variable could be seen as proportional to a percentage of the total variability explained by the factor. The Kaiser's rule (Kaiser, 1960) was applied to the results, and only those factors whose eigenvalues were higher than one were chosen. A "scree plot" was also used to choose the significant eigenvalues (Cattell, 1966) . The following analyses were also performed: the Bartlett's sphericity test to analyze whether the correlation matrix was an identity matrix, the KaiserMeyer-Olkin index in order to compare observed correlation coefficient values with partial correlation coefficient values, and the MSA index (measure of sampling adequacy). In this study the iterative principal factor was used. Varimax and oblique rotations were also used (Harris, 1985) , and their results are not shown since they were the same. Finally, correlations at each locality and the first two factors (Q type) were determined and submitted to a spatial autocorrelation analysis to observe whether there was substantial differentiation in the spatial distribution of these correlations in the cat populations studied at the subpopulation level.
RESULTS
The genetic profiles of the cat populations analyzed at colony and subpopulation levels of sampling are shown in Table I . No significant differences were detected in the Hardy-Weinberg equilibrium for the O locus at both sampling levels in the cities studied (Table II) , there being no difference between the colony and subpopulation levels in this regard.
Colony sampling level
The mean sample sizes of the colonies were 64.45 + 17.72 (Barcelona), 46.40 + 12.91 (Palma Majorca), 46.54 + 11.84 (Rimini), and 54.28 + 22.40 (Buenos Aires). Sample values had a similar range. Geographic mean distances between the respective colony pairs were 4,212, 3,780, 3,176 and 4,930 m (Barcelona, Palma Majorca, Rimini and Buenos Aires, respectively). The F CT and G CT statistics showed that 95 to 97% of the total genetic variability is found within the colonies. Barcelona and Rimini showed intercolonial differentiation estimates slightly lower than the other two populations although with no statistical differentiation (value range: 0.0307-0.0428). No significant correlation was observed between genetic differentiation statistics and the two demographic variables studied. 
Subpopulation sampling level
The average sample sizes of these subpopulations were 141.8 + 54.74 (Barcelona), 77.33 + 33.20 (Palma Majorca), 85.33 + 29.12 (Rimini) and 95.00 + 45.66 (Buenos Aires). Average geographical distances between all subpopulation pairs were 4,788, 5,361, 3,071, and 6,250 m (Barcelona, Palma Majorca, Rimini and Buenos Aires, respectively). The average area covered by these subpopulations were: 1.7885 in Barcelona, 0.5926 in Palma, 0.7659 in Rimini, and 0.6125 km 2 in Buenos Aires. The analysis of F ST' and G ST showed that by increasing the sample population level, the inter-subpopulational genetic differences were even lower than the equivalent at the colony level. An average subpopulation in Barcelona had 99.3% of the total genic diversity of the total population. For Palma Majorca this value was 97.7%.
Lineal, logarithmic, exponential and power regression analyses were done for the G ST genetic heterogeneity In contrast with the values found at the colony level, significant correlations were detected between some of the genic statistics for the four populations studied, and for the two demographic variables (Table III) . Two significant correlations were observed regarding sample size.
The expected mean heterozygosity levels at the colony and subpopulation sampling levels in the four populations showed very similar values. There were no significant differences when all the population means, at either colony or subpopulation level, were considered together (e.g., at colony level, Barcelona: H' = 4.96 10 d.f. 0.90 > P > 0.80; (Table IV) . All the values for mean heterozygosity were high in all the populations studied.
Spatial autocorrelation analysis
The correlograms in Figure 1 show all the spatial autocorrelation analysis applied to the four cat populations studied. As can be observed, the major part of the individual and average correlograms are not significant. No autocorrelation had been observed either at the colony level in a previous study (Ruiz-Garcia, 1998a ).
The spatial autocorrelation analysis was applied to individual locality correlations of the two first Q factors from the four populations studied. Results were interesting at a subpopulation level (Figure 2 ). Only at this sampling level were differences detected between the populations studied. No differences were detected at a colony level (not shown here). Only Buenos Aires showed 100% of the autocorrelation coefficients to be significant, with both correlograms (for the first and second factor) showing a clear monotonic clinal trend.
The factorial analyses indicated that in each city the relationships between the seven genetic variables and the principal factors were different (Table V) . For instance, at the colony level in Barcelona, certain alleles, such as O, t b and l , had high scores for the first factor (-0.729, 0.854, 0.813, respectively) . On the contrary, Buenos Aires had high scores for the first factor with the alleles a, d, l, S and W. Moreover, correlations between the alleles and the first and second factors were different in the same population at the two sampling levels, which demonstrates the importance of chosing a sampling structure representing the most meaningful population unit of observation. Probably the colony level was a more meaningful sampling structure than the rather artificial subpopulation level (e.g., the three alleles more highly correlated with the first factor in Buenos Aires at a colony level were a, d and W, while at the subpopulation level were d, S and t b ). Graphical results from the Q factorial analysis (not shown here) illustrated that the relationships between colonies from the different populations are not related with geographical proximity, nor with an isolation-by-distance model.
DISCUSSION

Genetic heterogeneity and sampling population structure
The main image revealed by this study is the relative similarity in various aspects between the four cat populations analyzed, regardless of the many differences, in demographic, historical, social, ecological, and temporal parameters in each city studied. A dominant aspect could therefore be the common highly promiscuous reproductive behavior of this species in urban areas (Natoli and De Vito, 1988) . The degree of genetic differentiation observed at the colony and subpopulation sampling levels was very small when compared with other species (see Eanes and Koehn, 1978; Wright, 1978; Chesser, 1983) . A few small differences between these cities were, however, detected for some of the statistics, and were in some cases correlated with some of the variables mentioned. Some of the differences revealed might not bear any correlation with the variables considered here, such as the distribution and frequency of food sources such as rubbish bins on the streets, and the availability of places of refuge for the animals.
A significant degree of heterogeneity of certain alleles was observed in these populations. At the colony sampling level, the degrees of genetic heterogeneity were undistinguishable between the cities studied. On the contrary, at the subpopulation sampling level, significant differences were found between the cities, for the statistics such as F ST or G ST . Barcelona presented the lowest genetic differentiation at this level. Rimini and Buenos Aires had a similar degree of internal genetic differentiation, while Palma Majorca is slightly more differentiated significantly. The sample size per colony was relatively similar for the four populations, but the sample size of the subpopulations was considerably more heterogeneous from popula- Table V -Correlation coefficients of seven morphological alleles of Felis catus in the cat colonies and subpopulations studied with the significant first axes (two or three) from an R factorial analysis. Results shown were obtained from the correlation matrix and the iterative principal factor. FACT = Factorial axes. O = orange; a = non-agouti; t b = blotched tabby; d = dilution; l = long hair; S = white spotting; W = dominant white.
Colony level Barcelona
Factor age sample size per colony was 64 and 47, respectively, for these populations. This effect should be the result of the significant negative correlation between sample size and degree of differentiation at the subpopulation level. The regression equations between the average geographical surface and the G ST values confirmed a negative correlation between the geographical size of the subpopulation and the genetic heterogeneity internal to them. This association was not present at the colony sampling level. This demonstrates the importance of sampling at various levels within a population.
Spatial autocorrelation analysis
The spatial autocorrelation analysis did not reveal the presence of a clear genetic structure in the cat populations studied. The absence of significant spatial patterns, and the fact that many variables generated different correlograms, could be generally explained as we know that these populations are quite close to panmixia, and have had a high degree of gene flow in different epochs, rates, and directions, for each of the variables studied, at least at the two sampling levels used in this work. An alternative explanation would be the existence of some form of balance, or unifying selection, affecting the majority of the genetic variables studied here. Nevertheless, when Epperson (1990) used computer simulations including uniform spatial selection in the spatial autocorrelation analysis, he observed that the presence of a weak uniform selection (s = 0.01) reduced, but did not eliminate, the local structure of populations with an effective size as small as 9. However, this explanation is unlikely to have had an effect simultaneously on the majority of the loci studied. The absence of spatial structure is therefore more easily explained as being due to extensive gene flow.
When the results of correlations between the localities and the first and second factors submitted to spatial autocorrelation analysis were analyzed, it was found that only the population of Buenos Aires had a statistically significant pattern at the subpopulation sampling level. There was a tendency for genetic similarity to decrease as distance increased in these factors. This was not observed in the three European populations.
One more aspect to discuss are the differences found in the autocorrelation coefficients of the first distance class of the populations studied. More negative autocorrelation coefficient values were found in Barcelona and Rimini for 1 DC, the average correlograms, and the autocorrelation analysis of locality correlations, with the first two factors, than was expected for the expected absolute absence of autocorrelation. On the other hand, Buenos Aires showed positive autocorrelation coefficients. Some were significant in 1 DC of the variables studied. The existence of these negative values in 1 DC in Rimini and especially in Barcelona can be explained, since an optimal breeding distance from the point of birth should have tion to population. The latter was highly dependent on the sampling scheme, since the criterium for a subpopulation to be considered as such relied solely on geographical (neighbor) location. This effect was not present at the colony level. For instance, the subpopulation level resulted in a big difference in average sample size per subpopulation, 141 for Barcelona and 77 for Rimini, while the aver-been developed (maximum genetic diversity in short distances). Gene flow and assortment between cats separated by some distance from their places of origin could maximize fertility and provide greater possibilities for the survival of the progeny (patterns of "leapfrog" gene flow; Waser, 1987) . In Barcelona, these phenomena may have developed more strongly than in the other populations, because this population is older and has had more time for these phenomena to develop, or because it has different historical, ecological or demographic characteristics. We must remember that the effect of gene flow tends to accumulate through generations, therefore allowing for a spatial structure to become more defined on a scale that is greater than the individual dispersion (Slatkin, 1978; Barbujani, 1988) . In contrast, in Buenos Aires the positive 1 DC coefficients could show the existence of patches. The short time that this population has had to homogenize their patterns of allele frequencies, and ecological or historical factors may explain the differences observed between some of the correlograms obtained for areas of Buenos Aires and the remaining populations.
CONCLUSIONS 1) Independent of the microgeographical level chosen (colony or subpopulation), the cat populations analyzed are relatively non-heterogeneous, and probably in panmixia.
2) The colony level did not show differences between the values of heterogeneity (F ST and G ST) statistics for the four populations analyzed. In contrast, the subpopulation level showed significant differences for these statistics between the four populations. Barcelona was significantly more homogeneous than Palma Majorca. 3) At the colony level no significant correlations were found between the degree of genic differentiation and demographic size. At the subpopulation level instead, significant correlations were detected with the sample size variables. 4) The expected mean heterozygosity and the HardyWeinberg statistics were similar in the populations studied, independent of the sampling microgeographic level chosen. 5) A spatial autocorrelation analysis did not detect any significant spatial trend at a subpopulation level in the four populations studied, with some exceptions in the Buenos Aires population, when the correlation between subpopulations with the first and second factors of the factorial analysis were submitted to spatial autocorrelation. There were no significant differences between the spatial autocorrelation analysis applied at a colony and subpopulation sampling levels. 6) The Barcelona population showed a more similar spatial pattern between the correlograms of the seven loci analyzed than the other populations. This could be explained because it is the most ancient populations studied, or because it has either a higher or constant gene flow, affecting all loci analyzed in the same way. 7) The R factorial analysis showed that in each city the relationships between the seven genetic variables and the principal factors were different. This is related to the non-existence of systematic selection for these traits in the cities studied. 8) The correlations between the alleles and the first and second factors were different in the same population at both sampling levels based on an R factorial analysis. 9) The correlations between colonies and subpopulations with the first factors from a Q factor analysis showed that the correlations with the first factor were very high and homogeneous, and could indicate a high degree of gene flow, or other homogenizing events. Correlations with the secod factor were much less important and could suggest residual stochastic events. 10) The correct choice of the sampling microgeographic level is fundamental in order to arrive to accurate interpretations and comparisons from a population genetic point of view.
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RESUMO
Os marcadores fenotípicos cor da pelagem, padrão e comprimento dos pelos de populações naturais de gato doméstico de quatro cidades (Barcelona, Catalunha; Palma Majorca, Ilhas Baleares; Rimini, Itália, e Buenos Aires, Argentina) foram estudados em nível microgeográfico. Várias técnicas de genética de populações revelaram que o grau de diferenciação genética entre populações de Felis catus nessas cidades é relativamente baixo, quando comparado com aquele encontrado entre populações de outros mamíferos. Dois diferentes níveis de amostragem foram usados. Um foi o de colônias "naturais" de famílias de gatos vivendo juntas em pontos específicos das cidades e o outro foi de subpopulações "artificiais", ou grupos de colônias, habitando o mesmo bairro de uma cidade. Para os dois níveis de amostragem, alguns dos resultados foram idênticos: 1) pouca heterogeneidade gênica, 2) existência de panmixia, 3) níveis semelhantes de heterozigosidade esperada em todas as populações analisadas, 4) ausência de autocorrelação espacial, com certa diferenciação na população de Buenos Aires comparada às outras, e 5) correlações muito altas entre colônias e subpopulações com os primeiros fatores de uma análise de fator Q. Não obstante, outros dados estatísticos de genética de população mostraram-se muito afetados pela escolha diferencial do nível de amostragem. Foi o caso de: 1) a quantidade de heterogeneidade
